Mechatronic systems encompass a wide range of disciplines and hence are collaborative in nature. Currently the collaborative development of mechatronic systems is inefficient and error-prone because contemporary design environments do not allow sufficient information flow of design and manufacturing data across the electrical and mechanical domains. Mechatronic systems need to be designed in an integrated fashion allowing designers from both electrical and mechanical engineering domains to receive automated feedback regarding design modifications throughout the design process. Integrated design of mechatronic products can be realized through the integration of mechanical and electrical CAD systems. One approach to achieve this type of integration is through the propagation of constraints. Cross-disciplinary constraints between mechanical and electrical design domains can be classified, represented, modeled, and bi-directionally propagated in order to provide automated feedback to designers of both engineering domains. In this paper, the authors focus on constraint classification and constraint modeling and provide a case study example using a robot arm. The constraint modeling approach presented in this paper represents a blueprint for the actual implementation.
MOTIVATION: SYNERGY OF SYSTEMS
The integration of mechanical engineering, electrical and electronic engineering and computer technology is increasingly forming a crucial part in the design, manufacture, and maintenance of a wide range of engineering products and processes [1] . In order to allow for additional synergy effects in collaborative product creation, designers from all disciplines involved need to adopt new approaches to design that facilitate concurrent cross-disciplinary collaboration in an integrated fashion across design disciplines. and crank mechanisms. Engineering mechanics discusses the kinematics and dynamics of machine elements. Kinematics determines the position, velocity, and acceleration of machine links. Kinematic analysis is used to find the impact and jerk on a machine element. Dynamic analysis gives the torque and force required for the motion of link in a mechanism. In dynamic analysis friction and inertia play an important role.
Electronics involves measurement systems, actuators, and power control [1] . Measurement systems are in general made of three elements: the sensor, signal conditioner, and display unit. A sensor responds to the quantity being measuring from the given electrical signal, the signal conditioner takes the signal from the sensor and manipulates it into conditions suitable for display, and in the display unit the output from the signal conditioner is displayed. Actuation systems comprise the elements which are responsible for transforming the output from the control system into the controlling action of a machine or device. And finally power electronic devices are important in the control of power-operated devices. The silicon controlled rectifier is an example of a power electronic device which is used to control dc motor drives.
The electrical aspect of mechatronic systems involves the functional design of electrical plants and control units. This is done through the generation of several types of schematics such as wiring diagrams and ladder diagrams (see Fig. 1 ). In addition, programmable logic controllers (PLCs) are widely used as the control unit of the mechatronic system. PLCs are well-adapted to a range of automation tasks. These are typically industrial processes in manufacturing where the cost of developing and maintaining the automation system is high relative to the total cost of the automation, and where changes to the system would be expected during its operational life. 
MCAD -ECAD INTEGRATION: RATIONALE AND OBJECTIVES
In designing a mechatronic system, there are many situations that require the exchange of information between CAD models of different domains, such as between MCAD (mechanical computer-aided design) and ECAD (electrical computer-aided design) systems, or between CAD systems and other Computer-Aided Engineering applications [2] . For example, a company may use different CAD systems for different purposes along the product design process (see Fig. 2 ) or companies and their suppliers may use different CAD systems to collaborate. [2] .
Fig. 2: ECAD specific application domains
During the design process of mechatronic product, modifications made on MCAD site may lead to significant design modifications to be made on ECAD site and vice versa. Obviously, there exist a huge number of constraints between a mechanical part of an electromechanical product and its electrical counterpart that have to be fulfilled to have a valid design configuration. As yet, such interdisciplinary constraints between models of different engineering design domains cannot be handled in a multidisciplinary Computer-Aided Engineering environment due to the lack of appropriate multidisciplinary data models [3] .
According to Reeves and Shipman [5] , discussion about the design must be embedded in the design. The ideal process of concurrent or simultaneous engineering is characterized by parallel work of a potentially distributed community of designers that know about the parallel work of their colleagues and collaborate as necessary. Sharing of knowledge in a common database builds a basis of cooperative design, since a shared database is the place where all design results are integrated. A shared design database that represents the current state of the design process provides a common workspace to combine the ideas of designers and to exchange their partial results. Therefore, a common data model builds a basis of a common understanding in communications and cooperation.
The Necessity of MCAD -ECAD Integration
For companies that design mechatronic products, staying competitive in today's market means using design systems that unify the design process and allow the smooth flow of design data across the electro-mechanical divide. As the electrical and electronic products and the processes creating them evolve, the "fundamentally dissimilar worlds of electronic [and electrical] and mechanical design need to work in harmony. [4] "
Since design engineers of either domain (ECAD or MCAD) usually are not familiar with design consequences their decisions may induce at the other domain or counterpart systems, such consequences are often noticed later on during the design process and hence lead to additional revision cycles, time penalties and associated cost. In order to improve the overall design process, these consequences have to be identified and considered at an earlier time. This, however, would require the electrical and mechanical CAD systems to bi-directionally exchange data to allow designers in both domains to cooperate more efficiently.
Today, due to the lack of integration between MCAD and ECAD systems, design consequences are often noticed at later stages of the product design process. In other words, designers do not know the effect of a particular modification on a model until that modification has been implemented. If the corresponding modification on the counterpart model cannot be implemented, designers must track back to the modification and reconsider alternate options. Immediate effects of the integration of mechanical and electrical Computer-Aided Design systems include:
• Reduced product time-to-market.
• Designer awareness of the overall design process.
• Improved quality of products.
• Increased company productivity.
The product time-to-market is reduced because the designer is aware of the overall design process and knows the design consequences in the early stages of the design process and can therefore avoid implementing undesired modifications. The designer is aware of the overall design process because the direct communication between MCAD and ECAD systems allows the designer to possess the knowledge of design consequences from both the electrical and mechanical side. The quality of the product is improved because the designer no longer has to spend time considering unnecessary modification and re-modification. This means, more time can be dedicated to maintaining quality and satisfying customer specifications. With all the above advantages combined, a company's productivity will increase.
The Approach to MCAD -ECAD Integration
Mechatronic products should be designed in an integrated fashion in order for designers of both electrical and mechanical engineering domains to automatically receive feedback regarding design modifications throughout the design process. This means, that if a design modification of a mechanical component of a mechatronic system will lead to a design modification of an electrical aspect of the mechatronic system, or vice versa, the engineer working at the counterpart system should get notified as soon as possible.
Integrated design of mechatronic products can be realized through the integration of mechanical and electrical CAD systems. One approach to achieve this type of integration of is through the propagation of constraints. Cross-disciplinary constraints between mechanical and electrical design domains can be classified, represented, modeled, and bi-directionally propagated in order to provide immediate feedback to designers of both engineering domains.
Modeling Approaches for Mechatronic Systems

Semantic Network for CAD Models
In the area of electrical engineering CAD, Schaefer et al. [6] developed a shared knowledge base for interdisciplinary parametric product data models in CAD. This approach is based on a so-called Active Semantic Network (ASN). The ASN referred to in their approach is a shared Data Base Management System (DBMS) whose mechanisms have been adapted to the requirements of an active, data-driven design process. Such an ASN can serve as a backbone to MCAD -ECAD integration since it can be used as a common workspace for all persons involved in product design. In particular, constraints are used to model dependencies between interdisciplinary product models and cooperation, and rules using these constraints are created to help designers to collaborate and to integrate their results to a common solution. With this cooperative design approach, designers have the ability to visualize the consequences of design decisions. This visualization allows designers to integrate their design results and to improve the efficiency of the overall design process.
A semantic network or net is a graphic notation for representing knowledge in patterns of interconnected nodes and arcs. It is a graph that consists of vertices, which represent concepts, and arcs, which represent relations between concepts (such as MCAD/ECAD constraints). An Active Semantic Network can be realized as an active, distributed, and object-oriented DBMS [3] . A database management system (DBMS) is computer software designed for the purpose of managing database. It is a complex set of software programs that controls the organization, storage and retrieval of data in a database. An active DBMS is a DBMS that allows users to specify actions to be taken automatically when certain conditions arise.
Constraints defined in product models can be specified by rules. When a constraint is violated, possible actions include extensive inferences on the product data and notifications to the responsible designers to inform them about the violated constraints. There exists constraint propagation within the ASN.
Constraints are mainly used in CAD to model dependencies between geometric objects. In the ASN, constraints are used to model any kind of dependency between product data [3] .
Fig. 3: Example of an interdisciplinary constraint between a
MCAD and an ECAD model [3] .
In the development of interdisciplinary products, constraints represent relationships between objects that depend on each other. These dependencies build the basis of the flow of information between designers in an ASN. In particular, constraints that model relationships between objects of different areas of expertise help designers understanding the interdisciplinary aspects of the product. Figure 3 illustrates an interdisciplinary constraint between a MCAD and an ECAD model. In the figure, the emphasis is placed on two nodes, one representing a MCAD model and the other one representing an ECAD model. The other nodes represent additional product data such as the product structure, bill of materials, cable plans, product requirements and specifications, and several other product documents. Information about the designers is also represented in the database (designer A and designer B in the figure) . The dependency between the MCAD and ECAD models is indicated by the grey circle around both nodes.
As mentioned in the beginning of the section, ASN is an active DBMS that allows users to specify actions to be taken automatically when certain conditions arise. Actions initiated by an active DBMS are specified by so-called EventCondition-Action (ECA) rules [3] . An ECA rule consists of an event (e.g. a write operation on a database object) that triggers the rule. When the triggering event occurs, the condition is evaluated. The action of a rule is executed when the event is triggered and the condition is satisfied. With ECA rules, a designer can define geometrical constraints in parametric product models as well as complex and interdisciplinary interobject dependencies. A database object in the ASN consists of the data itself, a set of associated rules, and cooperative locks. This means that ECA rules can be connected to database objects to specify their active behavior. Constraints are modeled as normal database objects that are also subject of user modifications. ECA rules linked to a constraint object specify the active behavior of the constraint and are evaluated at run-time. The ASN uses a rulebased evaluation method for constraint propagation.
According to ECA rules, a constraint object consists of three components: an event, a condition, and an action. These components have to be specified for each constraint by users. Figure 4 shows a part of an object model in the ASN that contains dependencies between a MCAD and an ECAD model. Database objects are shown as circles. Links to the responsible users are inserted automatically by the system for each database object, even for constraint objects. 
The Bond Graph Approach
In designing a mechatronic system, the entire system should be simulated and analyzed in an integrated manner due to the significant amount of component interactions. For this purpose, a common language that can effectively function in the different engineering domains involved in the mechatronic system is required. However, most commonly used modeling and simulation tools are appropriate only for a single specific domain. Hence, they are not particularly appropriate for mechatronic systems. In view of the presence of components from different engineering domains in a mechatronic system, the integrated design of such system requires a domain-free modeling approach. One modeling technique that serves as a good candidate for the integrated design of mechatronic system is the bond graph approach.
Bond graphs (BGs) represent "a lumped-parameter, domainfree method that provides a core language to represent components in different domains in a unified modeling environment" [7] . The use of a unified graphical representation for lumped systems provides a common and core language for describing the basic elements and connections in different engineering domains that typically appear in a mechatronic system. Figure 5 shows an example of a BG model. BG modeling of a mechatronic system can be viewed as an object-oriented modeling method [7] . The concept of objectoriented modeling means that different subsystems of a mixed machine can be modeled separately and be interconnected to create the overall model. Furthermore, subsystem models can be reused again in modeling other machines. A typical machine has a hierarchical structure. The system may be composed of some lower-level subsystems and each subsystem may also consist of some lower-level subsystems. In object-oriented BG modeling, the model of each subsystem can be considered as an object. Consequently, a general model for components that commonly appear in mechatronic systems can be established and reused wherever it is necessary.
CROSS-DISCIPLINARY CONSTRAINT MODELING
The Modeling Approach
The constraint modeling proposed in this paper is similar to the semantic network approach in that constraints are being modeled as nodes and relationship are drawn between nodes. The modeling approach is also object-oriented similar to the bond graph approach. The components of mechatronic system are modeled as objects with attributes, and constraints are identified and modeled among the attributes. The procedure of the proposed constraint modeling approach is listed as follows: Mechatronic System Fig. 6 : A graphical view of the constraint modeling approach.
Constraint Categories
Constraint in the Mechanical Domain:
Geometric Constraints The International Standard STEP (designated as ISO 10303) is intended to facilitate the exchange of data between CAD systems. The set of common geometric constraint types that are used in STEP is listed as follows [8] :
• Parallelism -this has an undirected form and a directed form with one reference element. There is also a dimensional subtype, in which a constrained distance can be specified.
• Point-distance -in the directed case the reference element may be either point, line, or plane. Multiple points may be constrained. In the undirected case, the number of constrained points is limited to two, and a dimensional value is required.
• Radius -has a dimensionless form, for example, "the radii of all these arcs are the same", and a dimensional form, for example, "the radii of all the constrained arcs have the same specified value". 
Mechanical Domain
…
• Curve-length -asserts that the lengths of all members of a set of trimmed curves are equal. There is a dimensional form allowing the value of the length to be specified.
• Angle -constrains a set of lines or planes to make the same angle with a reference element, or in the undirected case specifies the angle between two such elements.
• Direction -a vector-valued constraint used for constraining the directional attributes of linear elements such as lines or planes.
• Perpendicularity -there may be either one or two reference elements (lines or planes), and all the constrained elements are required to be perpendicular to them. There is also an undirected form in which two or three elements are required to be mutually perpendicular.
• Incidence -in its simplest form, it simply asserts that one or more constrained entities are contained within that reference element.
• Tangency -may be used to specify multiple tangencies between a set of reference elements, and as a set of constrained elements.
• Coaxial -constrains a set of rotational elements to share the same axis or to share a specified reference axis.
• Symmetry -constrains two ordered sets of elements to be pair-wise symmetric with respect to a given line or plane.
• Fixed -used to fix points and directions in absolute terms for anchoring local coordinated systems in global space.
Kinematics Constraint
Kinematics is a branch of mechanics that describes the motion of objects without the consideration of the masses and forces that bring about the motion [1] . Kinematics studies how the position of an object changes with time. Position is measured with respect to a set of coordinates. Velocity is the rate of change of position. Acceleration is the rate of change of velocity. In designing mechatronic systems, the kinematics analysis of machine elements is very important. Kinematics determines the position, velocity, and acceleration of machine links. Kinematics analysis helps to find the impact and jerk on a machine element.
Force Constraint
In mechanical engineering, and in particular, in dealing with "machines in mechatronics", it often involves the study of relative motion between the various parts of a machine as well as the forces acting on them, hence the knowledge in this subject of "forces" is very essential for an engineer to design the various parts of mechatronic systems [1] . Force is an important factor as an agent that produces or tends to produce, destroys or tends to destroy motion. When a body does not move or tend to move, the body does not have any friction force. Whenever a body moves or tends to move tangentially with respect to the surface on which it rests, the interlocking properties of the minutely projected particles due to the surface roughness oppose the motion. This opposition force that acts in the opposite direction of the movement of the body is the force of friction. Both force and friction play an important role in mechatronic systems. In considering the force constraint of mechanical systems, there are three major parameters that can affect the mechanical systems: the stiffness of the system, the forces opposing motion (such as frictional or damping effects), and the inertia or resistance to acceleration [9] . The stiffness of a system is described by the relationship between the forces used to extend or compress a spring and the resulting extension or compression. The inertia or resistance to acceleration exhibits the property that the bigger the inertia (mass) the greater the force required to give it a specific acceleration.
Energy Constraint
Energy is a scalar physical quantity that is a property of objects and systems which is conserved by nature. Energy can be converted in a variety of ways. An electric motor converts electrical into mechanical and thermal energy, a combustion engine converts chemical into mechanical and thermal energy, and so on. In physics, mechanical energy describes the potential energy and kinetic energy present in the components of a mechanical system. If the system is subject only to conservative forces, such as only to gravitational force, by the principle of conservation of mechanical energy the total mechanical energy of the system remains constant.
Material Constraint
The various machine parts of the mechatronic system often experience different loading conditions. If a change of motion of the rigid body (the machine parts) is prevented, the force applied will cause a deformation or change in the shape of the body. Strain is the change in dimension that takes place in the material due to an externally applied force. Linear strain is the ratio of change in length to initial length when a tensile or compressive force is applied. Shear strain is measured by the angular distortion caused by an external force. The load per unit deflection in a body is the stiffness. Deflection per unit load is the compliance. If deformation per unit load at a point on the body is different from that at the point of application of the load then compliance at that point is called cross compliance. In a machine structure cross compliance is an important parameter for stability analysis during machining.
The strength of a material is expressed as the stress required causing it to fracture. The maximum force required to break a material divided by the original cross-sectional area at the point of fracture is the ultimate tensile strength of the material. It is obvious that the stress allowed in any component of a machine must be less than the stress that would cause permanent deformation. A safe working stress is chosen with regard to the conditions under which the material is to work. The ratio of the yield stress to allowable stress is the factor of safety.
Constraints in the electrical domain
Electrical Resistance Electrical resistance is a measure of the degree to which an object opposes the electric current through it. The electrical resistance of an object is a function of its physical geometry. The resistance is proportional to the length of the object and inversely proportional to the cross-section area of the object. All resistors possess some degree of resistance. The resistances of some resistors are indicated by numbers. This method is used for low value resistors. Most resistors are coded using color bands, and the way to decode these bands is as follows: the first band gives the resistance value of the resistor in ohms. The fourth band indicates the accuracy of the value. Red in this region indicates 2%, gold indicates 5%, and silver indicates 10% accuracy.
Electrical Capacitance Electrical capacitance is a measure of the amount of electric charge stored for a given electric potential. The most common form of charge storage device is a two-plate capacitor, which consists of two conducting surfaces separated by a layer of insulating medium called dielectric. The dielectric is an insulating medium through which an electrostatic field can pass. The main purpose of the capacitor is to store electrical energy.
Electrical Inductance A wire wound in the form of a coil makes an inductor. The property of an inductor is that it always tries to maintain a steady flow of current and opposes any fluctuation in it. When a current flows through a conductor, it produces a magnetic field around it in a plane perpendicular to the conductor. When a conductor moves in a magnetic field, an electromagnetic force is induced in the conductor. The property of the inductor due to which it opposes any increase or decrease in current by the production of a counter emf is known as self-inductance. The emf developed is proportional to the rate of current through the inductor, and mathematically it depends on the amount of current, the voltage developed, and a proportionality constant that represents the self-inductance of the coil.
Motor Torque
The torque generation in any electric motor is essentially the conversion process of converting electrical energy into mechanical energy. It can be viewed as a result of the interaction of two magnetic flux density vectors: one generated by the stator and one generated by the rotor. In different motor types, the manner in which these vectors are generated is different [10] . For instance, in a permanent brushless motor the magnetic flux vector is generated by the current in the windings. In the case of an AC induction motor, the stator magnetic flux vector is generated by the current in the stator winding, and the rotor magnetic flux vector is generated by induced voltages on the rotor conductors by the stator field and resulting current in the rotor conductors. The torque production in an electric motor is proportional to the strength of the two magnetic flux vectors (stator's and rotor's) and the sine of the angle between the two vectors.
System Control
The control system provides a logical sequence for the operating program of the mechatronic system. It provides the theoretical values required for each program step, it continuously measures the actual position during motion, and it processes the theoretical versus actual difference [11] . In controlling a robot, for example, there are two types of control techniques: point-to-point and continuous path. The point-topoint involves the specification of the starting point and end point of the robot motion and requiring a control system to render feedbacks at those points. The continouous path control requires the robot end effector to follow a stated path from the starting point to the end point.
CASE STUDY: DESIGNING ROBOT ARM
Overview of Robot Arm
A robot is a mechatronic system capable to replace or assist the human operator in carrying out a variety of physical tasks. The interaction with the surrounding environment is achieved through sensors and transducers and the computer-controlled interaction systems emulate human capabilities.
The CrustCrawler SG5-UT Robot Arm
The case study example to be investigated is the SG5-UT robot arm designed by Alex Dirks of the CrustCrawler team [12] .
List of major mechanical components (see Fig. 7 
Modeling Constraints for SG5-UT
STEP 1
List all components of the SG5-UT robot arm and their attributes and classify the components in either the mechanical domain or the electrical domain (see Fig. 8 ). 
SG5-UT Robot Arm
Mechanical Domain Electrical Domain
CLOSURE
Mechatronic systems comprise of, among others, mechanical and electrical components. An example is a robot arm which consists of mechanical links and electrical servos. Mechanical design changes lead to design modifications on the electrical side and vice versa. Unfortunately, contemporary CAE environments do not provide a sufficient degree of integration in order to allow for bi-directional information flow between both CAD domains. Overcoming this barrier of systems integration will release a tremendous efficiency potential with regard to the development of mechatronic product platforms.
The proposed approach to achieving integration of mechanical and electrical CAD systems is through the propagation of constraints. Cross-disciplinary constraints between mechanical and electrical design domains can be classified, represented, modeled, and bi-directionally propagated in order to provide immediate feedback to designers of both engineering domains. In constraint classification, selected mechatronic system is being analyzed to identify and classify discipline-specific constraints based on associated functions, physical forms, system behavior, and other design requirements. In constraint modeling, the mechatronic system is modeled in block-diagram form and relationships between domain-specific constraints are identified and categorized.
In this paper several constraint categories are listed. These constraint categories are common mechanical and electrical constraints that appear in the design of mechatronic systems. The listed constraint categories, however, is not complete as the work is still at the preliminary stage. As the development of this constraint modeling approach progresses, the constraint list will become more thorough. Furthermore, performance related constraints, such as stiffness and time lag, will also be considered in the constraint model. The next step is to implement constraint management system allowing bidirectional constraint propagation between MCAD and ECAD system based on the constraint model discussed in this paper. A successful implementation would validate the purpose of this constraint model. Much research has been done on constraint modeling on the mechanical engineering side. However, the search for connection of mechanical constraints to the electrical side, and vice versa, is still an unrevealed research territory. From the perspective of designing multidisciplinary product families, being able to use inferences for constraint propagation more intensively will allow more functionality on the CAD systems of either disciplines and thereby provides knowledge based mechanisms to "help designers in an intelligent way to integrate their results into a common, interdisciplinary solution" [6] .
